Abstract Amino acids, especially glutamine (GLN) have been known for many years to stimulate the growth of small intestinal mucosa. Polyamines are also required for optimal mucosal growth, and the inhibition of ornithine decarboxylase (ODC), the first rate-limiting enzyme in polyamine synthesis, blocks growth. Certain amino acids, primarily asparagine (ASN) and GLN stimulate ODC activity in a solution of physiological salts. More importantly, their presence is also required before growth factors and hormones such as epidermal growth factor and insulin are able to increase ODC activity. ODC activity is inhibited by antizyme-1 (AZ) whose synthesis is stimulated by polyamines, thus, providing a negative feedback regulation of the enzyme. In the absence of amino acids mammalian target of rapamycin complex 1 (mTORC1) is inhibited, whereas, mTORC2 is stimulated leading to the inhibition of global protein synthesis but increasing the synthesis of AZ via a cap-independent mechanism. These data, therefore, explain why ASN or GLN is essential for the activation of ODC. Interestingly, in a number of papers, AZ has been shown to inhibit cell proliferation, stimulate apoptosis, or increase autophagy. Each of these activities results in decreased cellular growth. AZ binds to and accelerates the degradation of ODC and other proteins shown to regulate proliferation and cell death, such as Aurora-A, Cyclin D1, and Smad1. The correlation between the stimulation of ODC activity and the absence of AZ as influenced by amino acids is high. Not only do amino acids such as ASN and GLN stimulate ODC while inhibiting AZ synthesis, but also amino acids such as lysine, valine, and ornithine, which inhibit ODC activity, increase the synthesis of AZ. The question remaining to be answered is whether AZ inhibits growth directly or whether it acts by decreasing the availability of polyamines to the dividing cells. In either case, evidence strongly suggests that the regulation of AZ synthesis is the mechanism through which amino acids influence the growth of intestinal mucosa. This brief article reviews the experiments leading to the information presented above. We also present evidence from the literature that AZ acts directly to inhibit cell proliferation and increase the rate of apoptosis. Finally, we discuss future experiments that will determine the role of AZ in the regulation of intestinal mucosal growth by amino acids.
Introduction
The epithelial cells lining the intestine are exposed to more potential stimulants and inhibitors of growth than any tissue in the body (Johnson and McCormack 1994) . Not only are these cells affected by the normal classical growthpromoting hormones such as thyroxine and growth hormone, but they also respond to hormones originating from endocrine cells along the gastrointestinal (GI) tract such as gastrin, enteroglucagons, and neurotensin. In addition, a host of purported trophic substances reach these cells from the lumen of the tract. These include agents, such as epidermal growth factor (EGF) , that are present in the secretions of the organs and cells of the digestive system, metabolic and secreted products of the gut microflora, ingested food, and nutrient breakdown products. The latter of this group has frequently been referred to as luminal or local nutrition, meaning that the absorbing cells of the intestine are directly stimulated by specific nutrients in the lumen.
Whether local nutrients stimulate mucosal growth has been tested by infusing various substances into isolated gut loops. Liquid elemental diets have been reported to cause hyperplasia when infused into bypassed mucosa (Jacobs et al. 1975) . Various sugars, including glucose, have been shown to stimulate cell production when infused into isolated sections of intestine (Clarke 1977) . The strongest support for the stimulation of mucosal growth by enteral nutrients has come from experiments involving total parenteral nutrition (TPN), in which glutamine was supplemented enterally or added to the TPN mixture. Burrin et al. (1994) showed that glutamine supplementation increases both jejunal height and surface area and attenuated most of the effects of TPN on the gut. Glutamine supplementation also increased protein synthesis in the intestinal mucosa of rats on TPN and decreased the tissue damage caused by sepsis (Yoshida et al. 1992 ). Glutamine has also been shown to stimulate protein synthesis in isolated intestinal epithelial cells, and to be the only amino acid to do so of several tested (Higashiguchi et al. 1993) .
These types of results have lead to the suggestion that luminally derived amino acids might be important for nutrition and growth of small intestinal mucosa (Hirschfield and Kern 1969). However, if one compares the protein distributions of orally administered amino acids with those administered parenterally, the patterns are different (Alpers 1972) . After intravenous amino acid administration, proteins from cells of the crypt junctions are most heavily labeled. Following intraluminal administration, protein from cells near the villous tips is most heavily labeled with radioactive precursor. In other words, mature non-dividing enterocytes incorporate luminal amino acids into protein.
The cells responsible for growth, the crypt cells, are supplied from the blood. This is strong evidence against the local nutrition concept, and to date, there is no satisfactory explanation of the mechanism by which certain amino acids, or the lack thereof, affect the growth of the mucosa of the small intestine.
Polyamines
The polyamines, spermidine and spermine, and their precursor, putrescine, are found in virtually all cells of higher eukaryotes and are required for cell growth and proliferation (Pegg and McCann 1982) . Intracellular polyamine levels are highly regulated and are dependent primarily on the activity of ornithine decarboxylase (ODC), which catalyzes the first rate-limiting step in polyamine biosynthesis, the decarboxylation of ornithine to form the diamine putrescine (Russell 1985) . DL-a-difluoromethylornithine (DFMO) blocks ODC and depletes cells of polyamines. DFMO is a specific and irreversible inhibitor of ODC, having no effects except those caused by ODC inhibition and the subsequent depletion of polyamines (Pegg et al. 1987) .
For a number of years, our laboratory has been interested in the role of polyamines in the growth and repair of the GI mucosa and has examined these processes in both rats and cultured normal intestinal cells. The mammalian GI epithelium is especially suited to study the control of proliferation because of its rapid and continuous renewal. Inhibition of ODC by DFMO depletes polyamines and inhibits the growth of cultured IEC-6 cells, a non-transformed line originally developed from rat crypt cells by Quaroni et al. (1979) , and prevents the normal repair of mucosal stress ulcers Johnson 1990, 1991; Zimmerman et al. 1995) .
Cells maintain intracellular polyamine levels at optimal concentrations by regulating synthesis and degradation and uptake and release. Basal levels of ODC are low, but enzyme activity increases rapidly in response to a variety of stimuli, including growth factors, insulin, stress, and certain amino acids (Wang and Johnson 1991; . ODC has one of the shortest half-lives of any mammalian enzyme and is feedback-regulated by polyamines, which induce the synthesis of an inhibitor called antizyme (Heller et al. 1976 ). The active form of ODC is a homodimer composed of two 53-kDa subunits. The active site is formed at the interface of the two monomers, the monomers having no enzymatic activity (Coleman et al. 1994) . Antizyme (AZ) inhibits ODC activity by binding to the monomers to prevent them from coming together (Mitchell and Chen 1990; Li and Coffino 1992) . The second function of AZ is to feedback inhibit the uptake of polyamines by cells (Pegg 2006) .
Amino acids and ODC
Early studies by Fausto (1971) showed that some amino acids could stimulate ODC in regenerating mammalian liver. Similar results showing that amino acids induced ODC in cultured cells were obtained by Kay et al. (1972) and Hogan and Murden (1974) using standard cell culture media. Important progress to understanding the role of amino acids occurred when Chen and Canellakis (1977) developed the use of a salts-glucose solution to maintain cultured cells in the absence of complex growth media and serum. They determined that asparagine (ASN) and then glutamine (GLN) were the most effective amino acids in stimulating ODC activity in a neuroblastoma cell line. Since there were no other stimulants present, the induction of enzyme activity was a direct effect of the amino acids.
Additional studies by the same group showed that the induction of ODC activity depended on Na ? but not on the incorporation of ASN into protein (Viceps-Madore et al. 1982) . They also found that some non-metabolizable amino acids such as a-aminoisobutyric acid (AIB) were effective stimulants of ODC activity. Although ASN was the most effective, other amino acids transported by one of the Na ? -dependent systems could also induce ODC activity . Of particular interest was the finding that, in a variety of cell types, the induction of ODC by growth factors and hormones required the presence of ASN, GLN or a similar amino acid . Neither EGF, nerve growth factor, nor insulin could induce ODC activity unless ASN was present in the medium.
Our own laboratory examined the interaction of ASN and EGF in the regulation of ODC in intestinal epithelial (IEC-6) cells (Ray et al. 1999) . EGF was unable to increase ODC activity in cells maintained in a salt-glucose solution, but the addition of ASN (10 mM) in the presence of EGF (30 ng/ml) increased ODC activity threefold over the response to ASN alone ( Fig. 1) . EGF was also able to induce ODC activity in the presence of GLN or AIB, but induction was maximum with ASN. Other amino acids, such as lysine and valine, had no effect alone or in combination with EGF. Thus, the results in intestinal epithelial cells are the same as those shown by the Canellakis group in other cell types.
All of these studies taken together indicate that the mechanism of the interaction between ASN (and related amino acids) and EGF (and other growth factors and hormones) is important not only for understanding the regulation of ODC under physiological conditions, but also for understanding the regulation of growth. Using the same conditions, Ray et al. (1999) found that EGF alone increased the expression of the genes for c-Jun and c-Fos but not for ODC. ASN alone increased the expression of the ODC gene without effect on those for c-Jun and c-Fos. When ASN was added in the presence of EGF, ODC gene expression increased significantly over that seen with ASN alone. The addition of ASN had no effect on the response of the proto-oncogenes to EGF (Ray et al. 1999 ). Interestingly, western analysis showed no significant difference in the levels of ODC protein in salt solution, ASN, EGF, or ASN plus EGF, indicating that the synthesis and degradation of ODC were unaffected. The role of protein translation was examined using the mammalian target of rapamycin (mTOR) 1 inhibitor rapamycin. mTOR1 is active in the presence of normal amounts of amino acids and phosphorylates 4EBP1, the binding protein which inhibits eIF-4E, a key factor in the translation of mRNA. Phosphorylation of 4EBP1 prevents its binding to eIF-4E and allows cap-dependent protein synthesis to take place (Wang and Proud 2006) . Figure 2 shows that rapamycin inhibited ODC activity stimulated by serum approximately 85% but had no effect on the much larger response to ASN. The failure of rapamycin to block the response to serum totally was probably due to the presence of amino acids in the serum as well as growth factors. These data rule out the involvement of eIF-4E in the induction of ODC activity by ASN and establish that the stimulation of ODC activity by ASN and similar amino acids is a distinct process from that of growth factors (Ray et al. 1999) . Further support for this conclusion is the original finding that the combination of ASN and EGF results in potentiation, which in itself requires separate mechanisms of action for the two agents.
Amino acids and antizyme
As mentioned earlier, AZ is an important negative regulator of intracellular polyamine levels. AZ binds ODC Fig. 1 Effect of asparagine (ASN), glutamine (GLN), a-aminoisobutyric acid (AIB), valine (VAL), and lysine (LYS) on the induction of ODC activity in the presence and absence of EGF (30 lg/ml). Amino acids were present at 10 mM, and ODC was measured after a 3 h incubation. Mean ± SE; n = 6 *P \ 0.05 compared to corresponding control. From: Ray et al. (1999) Fig. 2 Effect of rapamycin (100 nM) on the induction of ODC by 10 % fetal bovine serum (FBS) or ASN. Cells were incubated for 3 h and ODC activity measured. Mean ± SE; n = 6 cultures; *P \ 0.05 compared to corresponding control. From: Ray et al. (1999) Regulation of intestinal mucosal growth by amino acids 567 monomers preventing the formation of the active dimers, eventually leading to ubiquitin-independent degradation by the 26 S proteasome. Overexpression of AZ prevents tumor growth and inhibits cell proliferation (Feith et al. 2001) analogous to polyamine depletion by DFMO. An ODC-like protein called antizyme inhibitor (AZin) increases ODC activity by binding to AZ. Serum and phorbol ester increase AZin expression prior to ODC activity and promote growth and tumor formation, respectively . Thus, AZ and AZin are important regulators of ODC activity, polyamine levels and, thereby, growth. Since amino acids transported by A and N type systems are required for the induction of ODC, ASN might affect ODC activity by regulating AZ levels. As shown in Fig. 3a , amino acid starvation (EBSS) increased the expression of AZ in IEC-6 cells, and the addition of EGF to the balanced salt solution produced no change in AZ protein. In the presence of ASN, however, AZ decreased to undetectable levels in both cases. In no group was there a change in either AZin or ODC protein levels. Transfection of plasmid-based AZ siRNA decreased AZ expression in EBSS (Fig. 3b ) and significantly increased ODC activity compared with that induced in vector-transfected cells in response to ASN (Fig. 3c) . The siRNA data confirmed the finding that EBSS or the absence of amino acids induces the expression of AZ. Figure 3d shows that EBSS induced AZ expression in NIH3T3 fibroblasts as well as in IEC-6 cells, and that ASN prevents AZ expression in both cell types with similar increases in ODC activity. Despite differences in AZ protein levels and ODC activities, ASN had similar effects in both cell lines. The time courses for the activation of ODC and disappearance of AZ following the addition of ASN were similar. ASN when added after a 3 h incubation in EBSS, ODC activity was detected within 60 min and continued to increase for at least 180 min, which correlated with the absence of AZ (Ray et al. 2012) .
Previous studies already discussed Ray et al. 1999) showed that, like ASN, glutamine (GLN) and a-aminoisobutyric acid (AIB) increased and lysine (LYS) and valine (VAL) failed to increase ODC activity in a balanced glucose-salt solution. When added to EBSS and incubated for 3 h, GLN and AIB as well as ASN prevented the expression of AZ (Fig. 4a) . Interestingly, both VAL and LYS, non-inducers of ODC activity increased AZ 3 a ASN (10 mM) was added to EBSS ± EGF (30 lg/ml) and incubated for 3 h. IEC-6 extracts were analyzed by Western blot to determine levels of AZ, AZin, ODC, and actin. b Cells transfected with vector or AZ1 siRNA were incubated with EBSS ± ASN (10 mM) for 3 h. Extracts were analyzed by western blot to determine levels of AZ and c assay for ODC activity. d IEC-6 and NIH 3T3 cells were incubated in EBSS ± ASN (10 mM) for 3 h. ODC activity and AZ levels were determined. Mean ± SE; n = 3 cultures *P \ 0.05 compared to corresponding control. From: Ray et al. (2012) expression in a time-dependent manner (Fig. 4b) . These results predict that LYS and VAL should inhibit ODC activity induced by ASN (Ray et al. 2012 ). Figure 5 shows that both LYS and VAL significantly inhibited the activation of ODC when incubated in salt solution with ASN. Ornithine, a known inducer of AZ, also inhibited the induction of ODC activity (Ray et al. 2012 ). The primary nutrient sensor in eukaryotes is target of rapamycin (TOR), a kinase that acts on a subset of proteins to regulate translation, autophagy, and apoptosis (Zoncu et al. 2011) . Mammalian TOR (mTOR) is a PI3 kinaserelated enzyme that is the catalytic subunit of two separate complexes, distinguished by their accessory proteins. mTORC1 contains regulatory-associated protein of mTOR (RAPTOR) and is inhibited by rapamycin and activated by amino acids (Hara et al. 2002) . mTORC2 is associated with rapamycin-insensitive companion of TOR (RICTOR) (Sarbassov et al. 2004) and is activated by PI3K/AKT signaling (Tato et al. 2011 ). Substrates of mTORC1, S6 kinase (S6K1), and eIF-4E-binding protein (4EBP1) regulate mRNA translation initiation to control rates of protein synthesis and growth. mTORC1 integrates several major regulatory signals: nutrients (primarily amino acids), energy, and growth factors, which activate it, and stress, which inhibits. For example, in the absence of amino acids, mTORC1 is inhibited resulting in decreased cell growth and increased autophagy, which provides amino acids for essential cell functions by degrading proteins (Zoncu et al. 2011 ). Much less is known about mTORC2 than mTORC1. 
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regulates cell cycle progression and cell survival by phosphorylating and activating AKT and protein kinase C (Sarbassov et al. 2005) . Few specifics are known regarding the upstream activation of mTORC2, although it is believed to be activated by growth factors, and insulin causes the phosphorylation of Ser 473 of AKT via TORC2 (Sarbassov et al. 2005) . Figure 6 shows that following 4 h incubation in the presence of amino acids mTORC1 is activated as evidenced by the phosphorylation of ribosomal protein S6, p70S6 kinase and 4EBP1, all of which is inhibited by rapamycin (Ray et al. 2012) . The right 2 columns of Fig. 6 show that 4 h incubation in the absence of amino acids causes a dramatic increase in AZ protein and decreases in the phosphorylation of S6, p70S6 kinase and 4EBP1. Each of these responses except the increase in AZ are further inhibited by rapamycin. Since rapamycin insensitive mTOR signaling is mediated by mTORC2, these data suggest that mTORC2 is involved in the regulation of AZ expression. In the absence of amino acids, mTORC2 activity increases as evidenced by increased AKT phosphorylation at the same time the level of AZ protein increases as well (Fig. 7a, left panel) . Incubation in the presence of ASN results in undetectable levels of AZ after only 1 h and inhibition of the phosphorylation of AKT (right panel). Further evidence of the involvement of mTORC2 is shown in Fig. 7b . PP242, an inhibitor of mTORC2 prevents the phosphorylation of AKT and significantly decreases AZ levels after 4 h incubation in the absence of amino acids.
Taken together, these data indicate that in the absence of amino acids, mTORC1 is inhibited, which leads to a decrease in cap-dependent protein synthesis by phosphorylating 4EBP-1. At the same time, mTORC2 is activated, and AZ is synthesized by cap-independent translation leading to the inhibition of ODC. ASN or GLN block b Cells were incubated with the indicated concentrations of PP242 for 4 h, and extracts were analyzed for levels of phosphoserine 473-AKT, phosphoserine 235/236-S6 ribosomal protein, AZ, and actin. Representative western blots from three observations. From: Ray et al. (2012) mTORC2 resulting in a rapid decrease in AZ levels and in the activation of ODC, which can then be potentiated by growth factors (Fig. 8a ).
Antizyme and growth
Tissue growth, or lack thereof, is determined by the balance between cell proliferation and cell death, in most cases apoptosis. The regulation of AZ levels may turn out to be the mechanism whereby amino acids, especially ASN and GLN, regulate gastrointestinal mucosal growth. There are several recent reports that AZ directly binds regulators of apoptosis and proliferation, targeting them for degradation via the proteasome in the same way it accelerates the degradation of ODC; these include DNp73 (Dulloo et al. 2010) , cyclin D1 (Newman et al. 2004 ), Smad1 (Lin et al. 2002) , and Aurora-A proteins (Lim and Gopalan 2007) . DNp73 is an antiapoptotic protein, which acts as a dominant negative inhibitor of both TAp73 and p53, and TAp73 has an obligatory role in regulating apoptosis in response to DNA damage (Lin et al. 2004) . Dulloo et al. (2010) showed that DNp73 was degraded in a c-Jundependent pathway that was mediated by direct binding to AZ, which targeted the protein for degradation. AZ is also a potent tumor suppressor and is necessary for the conversion of pancreatic tumor cells into glucagon-producing differentiated cells (Suzuki et al. 2009 ).
Proliferation is regulated by cyclin-dependent kinases (CDKs), which phosphorylate and activate cyclins to regulate the progression of cells from the G0/G1 phase into the S phase of the cell cycle (Woo and Poon 2003) . AZ binds cyclin D1 in a non-covalent association causing its degradation via the proteasome. Newman et al. (2004) referred to this as a ''novel mechanism for cell growth regression. '' Recently Kasbek et al. (2010) reported that AZ binds monopolar spindle-1 kinase, which is involved in cell cycle regulation, leading to its degradation and decreasing the formation of centrosomes.
Despite these reports of AZ binding directly to proteins that regulate growth, the question remains as to whether AZ exerts its effects directly or whether they are due to its control over polyamine levels. Fong et al. (2003) found that transgenic mice over expressing AZ in the basal cell layer of the forestomach had decreased cell proliferation and increased levels of apoptosis, both of which decrease tissue growth. In addition, AZ inhibited the induction of tumors by N-nitrosomethylbenzylamine. The authors found that DFMO, and the resulting depletion of polyamines, had effects similar to AZ and attributed their results to the ability of AZ to decrease the levels of polyamines. However, the same group has reported that excessive accumulation of polyamines induced apoptosis in L1210 cells that over produced ODC (Pouline et al. 1995) .
Additional reports provide considerable evidence that AZ directly increases apoptosis. Packham and Cleveland (1994) concluded that ODC and polyamines are mediators of c-myc-induced apoptosis. Tobias and Kahana (1995) found that excessive accumulation of putrescine led to cell death in mouse myeloma cells that over expressed ODC. Our laboratory has published a number of studies in which we examined the effects of DFMO on apoptosis. Since both DFMO and AZ inhibit ODC and lead to polyamine depletion, these experiments relate to the question of whether AZ acts directly. In each case, we found that DFMO and polyamine depletion decrease apoptosis, the opposite effect one would expect if AZ caused apoptosis by In the absence of amino acids, mTORC1 is inhibited decreasing the phosphorylation of 4EBP1, leading to the inhibition of cap-dependent mRNA translation. At the same time, mTORC2 activity is stimulated, which increases cap-independent translation and the synthesis of AZ protein, which inhibits ODC. ASN inhibits mTORC2 activity and AZ synthesis allowing ODC monomers to form the active dimeric enzyme. From: Ray et al. (2012) . b Amino acids regulate growth via AZ1
Regulation of intestinal mucosal growth by amino acids 571 decreasing polyamine levels. Polyamine depletion significantly protected IEC-6 cells from apoptosis induced by the topoisomerase 1 inhibitor, camptothecin, and decreased basal levels of apoptosis as well. When putrescine was added to the DFMO containing medium, the levels of apoptosis increased to normal (Ray et al. 2000) . Pretreatment of IEC-6 cells with DFMO also significantly reduced radiation-induced apoptosis as evidenced by caspase-3 activity and DNA fragmentation (Deng et al. 2005 ). In the same report, pretreatment of mice with 2 % DFMO in drinking water reduced apoptotic cells from 2.75 to 1.61 per crypt-villus unit, accompanied by significant decreases in caspase-3 activity. Crypt cell survival was increased more than twofold by polyamine depletion. The issue regarding whether amino acids and AZ act independently of polyamines to stimulate proliferation is more complicated, since AZ decreases polyamine levels, and polyamine depletion inhibits growth. This question will only be settled by experiments designed carefully to address it. We have preliminary data indicating that spermidine, a potent inducer of AZ synthesis, inhibits proliferation in the presence of DFMO. When ASN was added to the incubation mixture, AZ became undetectable and spermidine was then able to restore proliferation to control levels that were present prior to giving DFMO.
Summary and future studies A recent article has pointed out that circulating products derived from food act as hormone-stimulating receptors and signaling pathways to regulate growth (Ryan and Seeley 2013) . Among these are omega-3 fatty acids and a variety of short chain fatty acids that bind peroxisome proliferation-activated receptor c (PPARc) or modify the binding of the hormone ghrelin. Branched chain amino acids bind to and activate mTORC1, and are believed to play a role in cell-cycle progression and insulin activity.
The studies summarized in this brief review suggest that amino acids like ASN and GLN may also act as hormones. Known for years to be essential for the activation of ODC by growth factors, the finding that they act by inhibiting AZ synthesis provides a mechanism for their effects. Given the strong evidence that AZ directly stimulates apoptosis and that its synthesis can be regulated through the mTOR pathway, these amino acids may have direct effects on tissue growth independent of their nutrient value (Fig. 8b) .
Crucial experiments need to be carried out to examine whether changes in AZ levels induced by ASN and GLN correlate with cell proliferation and apoptosis, and whether the effects can be shown to be independent of polyamines. To date, all studies have been performed with cultured cells. Determining whether these amino acids regulate AZ levels in whole animals will be a significant step in deciding the importance of these findings.
